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Similarworkingmemory (WM) for lexical items has been demonstrated for signers and non-
signers while short-term memory (STM) is regularly poorer in deaf than hearing individuals.
In the present study, we investigated digit-basedWM and STM in Swedish and British deaf
signers and hearing non-signers. To maintain good experimental control we used printed
stimuli throughout and held response mode constant across groups.We showed that deaf
signers have similar digit-based WM performance, despite shorter digit spans, compared
to well-matched hearing non-signers. We found no difference between signers and non-
signers on STM span for letters chosen to minimize phonological similarity or in the effects
of recall direction.This set of ﬁndings indicates that similarWM for signers and non-signers
can be generalized from lexical items to digits and suggests that poorer STM in deaf signers
compared to hearing non-signersmay be due to differences in phonological similarity across
the language modalities of sign and speech.
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INTRODUCTION
Workingmemory (WM) is the limited capacity available formain-
taining and processing information online and is thus vital for
communication (Baddeley, 2003). The ability to maintain and
process lexical items in WM has been shown to be equal, irrespec-
tive of whether those items are signs or words (Boutla et al., 2004;
Rudner et al., 2007, 2013). However, short-term memory (STM)
capacity (i.e., maintenance only) is generally lower for signs than
words (Marschark and Mayer, 1998; Boutla et al., 2004; Rönnberg
et al., 2004; Geraci et al., 2008). In an attempt to settle the discrep-
ancies in capacity estimates, the aim of the present study was to
investigate STM for digits and letters as well as WM for digits in
deaf signers and hearing non-signers by making direct compar-
isons between well-matched groups. Text-based presentation was
used throughout and inﬂuence of responsemodewas investigated.
Sign languages are natural, complex visual languages of deaf
communities (for review, see Emmorey, 2002). They can be
described using the same terminology as speech-based languages,
such as phonology, morphology, syntax, and prosody (Klima and
Bellugi, 1979; Sandler and Lillo-Martin, 2006). Although sign
languages are not representations of either spoken or written lan-
guage, many, although not all, sign languages make use of manual
alphabets (ﬁngerspelling) to represent letters and orthography
when producing, e.g., place names or proper names (Brentari,
1998). There are many different one- and two-handed manual
alphabets (Carmel, 1982), including the Swedish manual alpha-
bet, which is one-handed, and the British manual alphabet, which
is two-handed. Both these alphabets are used productively to ﬁll
lexical gaps (Bergman and Wikström, 1981; Sutton-Spence and
Woll, 1999). For spoken language, phonology is concerned with
the combination of sounds to form utterances, while for signed
language phonology refers to how sublexical components of signs
are put together with respect to handshape, position (including
orientation), and movement (Sandler and Lillo-Martin, 2006).
Signs that share one or more realizations of these features are
considered to be phonologically similar (Klima and Bellugi, 1976;
Sandler and Lillo-Martin, 2006).
Traditionally,WMandSTMaremeasuredusing span tests.WM
can be measured by, e.g., reading span, listening span, or operation
span, where operation span has been shown to load most strongly
on overall WM capacity (Unsworth and Engle, 2007). The oper-
ation span task (Turner and Engle, 1989) is a WM task in which
arithmetic operations are performed on quantities represented by
digits and the results of these operations are serially maintained
in memory for subsequent recall while new operations are per-
formed. Thus, the operation span task relies on manipulation of
abstract representations but without necessarily calling on linguis-
tic structure. While STM ability, measured by simple spans, for
deaf signers and hearing non-signers has been investigated exten-
sively,WM,measuredby complex spans, has only been investigated
for these groups in two studies (Boutla et al., 2004; Alamargot
et al., 2007). In both studies a production span task was used
and no differences between groups were found for either adults
(Boutla et al., 2004) or children (Alamargot et al., 2007). Studies
using other tests aimed to investigate WM capacity have also con-
cluded that there are no general differences between deaf signers
and hearing non-signers in WM (Rudner et al., 2010, 2013). All of
the above mentioned studies have however, either used linguistic
stimuli, such as signs andwords, or easily nameable pictures. In the
present study we will investigate if similar WM capacity for deaf
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signers and hearing non-signers can be generalized to digit-based
WM.
Short-termmemory is frequently assessed, in both research and
neuropsychological testing, by the digit span test. A substantial
body of literature has shown that deaf signers perform at a lower
level on this test than hearing non-signers, even when the test
is administered in their native sign language, and despite equal
performance on other cognitive tasks (Pintner and Paterson, 1917;
Wilson et al., 1997; Bavelier et al., 2008). This phenomenon is not
related to deafness per se, but to the use of sign language, since
this difference is also found in hearing signers (Boutla et al., 2004).
There are several potential underlying mechanisms explaining the
differences in STM between the language modalities of sign and
speech, among them the phonological similarity effect (Baddeley
et al., 1975; Wilson and Emmorey, 1997a) and the temporal order
effect (Wilson and Emmorey, 1997b; Wilson et al., 1997).
The phonological similarity effect arises because items with
similar sublexical structure give rise to similar traces in the phono-
logical loop, resulting in confusability (Baddeley et al., 1975). This
applies to words that sound similar, such as words that rhyme with
each other and to signs with similar formational properties such
as same handshape (Wilson and Emmorey, 1997a). Confusability
of memory traces means that serial recall is less accurate for items
that are phonologically similar (Baddeley et al., 1975; Wilson and
Emmorey, 1997a). In most spoken languages, including English
and Swedish, digit names are phonologically dissimilar, whereas
in many sign languages, the numeral signs representing digits are
phonologically similar as they share the sameposition, orientation,
and movement and differ only in handshape, and then only min-
imally (see Figure 1). Thus, a higher digit span size for speakers
than for signers (Pintner and Paterson, 1917; Bavelier et al., 2008),
may at least partially be due to the phonological similarity of man-
ual numerals. On the basis of this it has been suggested that letter
span would be a better instrument to use when STM is compared
between signers and speakers (Boutla et al., 2004). Indeed, Wilson
andEmmorey (2006a) reported similar STM spans for deaf signers
and hearing non-signers for a single set of letters (ﬁngerspelled for
the deaf signers and spoken for the hearing non-signers), matched
for articulatory duration and phonological similarity in American
sign language (ASL) and English, suggesting that STM for ASL
and English do not differ in underlying capacity. However, this
conclusion was contested by Bavelier et al. (2006), who provided
evidence of lower STM span for signers than speakers with two sets
of letters whose names were duration-matched across language
modality. Thus, evidence for the role of phonological similarity in
span differences between languages is inconclusive. In this study
we use both digit span (phonologically similar in sign language
and dissimilar in spoken language) and letter span (dissimilar
in both languages) to pinpoint the phonological involvement
in STM.
The temporal order effect arises because the auditory system
is efﬁcient in retaining temporal order, in contrast to the visual
system (Smyth et al., 2005). In memory tasks, forward recall
preference has been reported for hearing individuals (Rönnberg
et al., 1980; Li and Lewandowsky, 1995; Rosen and Engle, 1997).
Studies of deaf signers, however, report reduced forward pref-
erence (Bavelier et al., 2008) and backward or no temporal
preference (O’Connor and Hermelin, 1973), although the more
deaf individuals rely on a speech-based code, the better they are
at maintaining temporal order (Hanson, 1982). This implies that
there might be a preference for temporal encoding in speech, with
signers using spatial encoding to a larger extent, especially when
they do not rely on speech encoding. In support of this view, sev-
eral studies have demonstrated that hearing individuals prefer to
recall information in the same temporal order as presented, while
deaf individuals preferred spatial recall (O’Connor and Hermelin,
1973; Rönnberg and Nilsson, 1987). When temporal processing
demands are relaxed,memory differences between signed and spo-
ken language disappear (Hanson, 1982; Boutla et al., 2004; Bavelier
et al., 2008; Rudner and Rönnberg, 2008; Rudner et al., 2010).
In the present study we examine the temporal order effect by
administering both forward and backward span tests.
Much of the recent work investigating STM for sign language
has used signed stimuli with signed response for signing partici-
pants who are either deaf or hearing and auditory stimuli with
spoken response for hearing speakers (Wilson and Emmorey,
1998, 2006a; Boutla et al., 2004; Hall and Bavelier, 2011). The
main advantage of this approach is that it allows individuals to
perform the tasks in their own language with optimized stimu-
lus presentation and recall mode for both language modalities.
Another advantage is that it has made it possible to test hearing
users of sign languages in both spoken language and sign language
(Hall and Bavelier, 2011), providing experimental control in a
within-groups design. However, this design has the drawback of
introducing confounds in the experimental situation when stimu-
lus and response modes differ between language modalities (Koo
et al., 2008). Because auditory memory traces persist longer than
visual memory traces (Sperling, 1960; Darwin et al., 1972), hear-
ing individuals presented with auditory stimuli can take advantage
of a more capacious buffer that reduces the load of the rehearsal
process to a greater extent than can deaf individuals presented
with visual stimuli (Cowan, 2000). In the present study we used
printed characters as stimuli and written response for all par-
ticipants. In one sense this returns to an older tradition which
expected deaf individuals to perform memory tasks in speech-
based languages which may not have been their preferred mode of
communication (Pintner and Paterson, 1917; Ross, 1969; Conrad,
1970; Locke and Locke, 1971; Wallace and Corballis, 1973). How-
ever, our assumption was that all participants would recode the
characters as the appropriate lexical labels in their preferred lan-
guage modality during memory encoding and reverse this process
at recall. To ensure best possible compliance to our assumption,
we recruited participants whose language experience was orthog-
onal to each other: deaf signers and hearing non-signers. Both the
Swedish deaf signers in Experiment 1 and the British deaf signers
in Experiment 2 had learned sign language at an early age and
used it as their preferred language in everyday communication.
The hearing non-signers in these experiments had no knowledge
of sign language.
In sum, the aim of the present study was to investigate digit-
based WM and STM in deaf signers and hearing non-signers. The
ﬁrst experiment included deaf signers (SDS) who use Swedish
sign language (SSL) and hearing Swedish speakers (SHN) with no
knowledge of sign language. We tested WM using the operation
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FIGURE 1 | Phonology of the nine fingerspelled letters of the Swedish
manual alphabet in Experiment 1, the nine fingerspelled letters of the
British manual alphabet used in Experiment 2 and the nine manual
numerals according to the Swedish and British systems for the digits
1–9 and numeral words and letters as expressed by the international
phonetic alphabet for pronunciation in Swedish and English. Note that
the illustrations for BSL manual numerals represent the traditional manual
numerals used in London, from which most of the BSL users in the present
study originated, but there is extensive variation, in particular in the
numbers 6–9.
span task and STM with a 2 × 2 × 2 experimental set-up which
included digit and letter span tasks with forward and backward
recall. Text-based presentation on a computer screen was used
throughout and key press response mode was kept constant across
groups. The second experiment repeated the ﬁrst but with hand-
written responses and in a different cultural and linguistic setting
with deaf signers (BDS) who are users of British sign language
(BSL) and hearing speakers of British English (BHN) with no
knowledge of sign language. The third experiment examined the
effect of mode of recall: key press or handwritten response on STM
in a within-groups design with hearing Swedish speakers.
We predicted similar WM, measured by operation span, for
deaf signers and hearing non-signers in line with previous
work showing similar production spans (Boutla et al., 2004).
We expected that differences in STM relating to temporal pro-
cessing demands and language modality-speciﬁc phonological
similarity would reveal causes of the shorter STM spans gen-
erally found in deaf signers compared to hearing non-signers.
In particular, we expected shorter digit but not letter spans
for deaf signers than hearing non-signers and shorter back-
ward than forward spans for hearing non-signers but not deaf
signers.
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Eighteen Swedish deaf adults (14 women; mean age = 27.83,
SD = 4.08) were recruited to the study. All participants were
deaf from birth (17 participants) or before 6 months of age (one
participant) and all were native or early signers who started to
use SSL before the age of three. Four participants had deaf par-
ents who signed with them from birth and one had a deaf older
sibling and was therefore signed with from birth. All deaf partici-
pants born after 1976 went to deaf schools using the 1983 Swedish
national curriculum with education mainly in SSL (Svartholm,
2010). One deaf participant born before 1976 started to use
SSL at the age of two and worked as an accredited sign lan-
guage teacher. Thus, we consider the SSL proﬁciency of this
individual to be on a par with that of the rest of the deaf
participants. All deaf participants considered SSL to be their
ﬁrst language; they used SSL in all one-to-one communication,
and were reluctant to use oral communication and lip reading.
However, they were all capable of communicating in written
Swedish.
Eighteen adult hearing, native Swedish speakers (14 women;
mean age = 28.17, SD = 5.52) were also included in the study. The
Swedish speakers were unfamiliar with sign language. The par-
ticipants in the spoken language group were recruited to match
the signing group on age, t(34) = 0.21, p = 0.84, and educa-
tion. The two groups were further matched on non-verbal IQ
(Raven’s standard progressive matrices, t-scores; SDS M = 50.94
SD = 7.93, SHN M = 54.94 SD = 7.02; t(34) = 1.60, p = 0.12).
All participants had completed mandatory Swedish education,
which at the time meant 9 years for SHN and 10 years for SDS,
and Swedish high school (3–4 years). Six of the SHN and six of
the SDS had a university degree or equivalent education (e.g.,
as sign language teachers). Thus, we used a participant base
with no statistically signiﬁcant differences between the groups
regarding sex, age, non-verbal IQ, and education. We con-
sider this careful matching to be of great importance and such
matching differentiates this study from previous studies where
groups have been less well-matched (typically only on gender and
age).
The groupmanipulation in this study is languagemodality. The
groups also differ in that one group consists of deaf individuals and
the other of hearing individuals. However, we consider language
modality to be the differentiator in serial recall tasks as it has
been shown that increased reliance on speech-based code leads to
smaller differences between hearing and deaf individuals (Hanson,
1982).
The study was approved by the regional ethics committee in
Linköping (Dnr 190/05). Written informed consent was given by
all participants. The participants were compensated for their travel
expenses and offered a small gift of nominal value after completing
the study.
Stimuli
The test battery used in this study comprised ﬁve span tests,
which were performed in the following order for all partici-
pants: digit span forward and backward, letter span forward
and backward, and operation span. All stimuli were presented
as printed characters at the center of a computer screen keep-
ing mode of presentation constant across conditions. The tests
were performed individually. Verbatim translation of test instruc-
tions from Swedish to SSL for deaf participants was performed
by professional sign language interpreters, and participants could
ask questions. In the same session, before the span tests, tests of
phonology and arithmetic were administered to all participants as
part of a larger study.
Working memory test
The WM measure was the dual-task operation span test based on
Turner and Engle (1989). Forty-two equations each consisting of
two operations were used as stimuli. The ﬁrst operation in the
string was either multiplication or division and the second oper-
ation was either addition or subtraction (e.g., 3 × 2 + 1 = 7).
Single digit numbers 1–9 were used throughout the test. Twelve
sequences, half true and half false, were created (2–5 strings pro-
gressively increasing in size, three sequences of each length). The
task of the subjects was to report, by key press, if the stated answer
was correct or not. After each sequence the subjectswere instructed
to recall all the stated answers in the same order as presented. Data
were collected from both the recall and the manipulation phase.
Generally, deaf individuals have been shown to have poorer math-
ematical ability than hearing peers (Traxler, 2000), which could
affect performance on the operation span task. However, the care-
ful matching of performance on Raven’s matrices and education
was an attempt to handle this potential problem. To further ensure
that all participants had basic mathematical knowledge, all sub-
jects were tested on a simple digit task where they were asked about
numerical order. No language modality differences were seen on
this task, t(27) = 1.46, p = 0.154.
Short-term memory tests
For the digit span tests, digits from1 to 9were chosen to create ran-
dom sequences of 2–9 items. For the letter span tests, sequences of
nine letters that represent consonants, chosen to minimize phono-
logical similarity in both SSL and Swedish, were created (G, H, J,
L, M, Q, R, S, and X; Figure 1). Phonological similarity was mini-
mized by avoiding letter names that either rhymed with each other
in Swedish or shared the same handshape in Swedish sign alpha-
bet. Sixteen meaningless sequences were created randomly (2–9
items, two sequences of each length). All participants were ﬁrst
exposed to two trials consisting of a sequence of two items. Then,
the sequence length increased progressively, by one digit/letter at
a time.
Procedure
All stimuli were presented visually using Presentation 14.2 soft-
ware on a PC. Stimulus materials were presented in Times New
Roman with a font size of 90. For the STM tests each digit or
letter was presented for 1 s on a computer screen. For the WM
task each equation appeared on the screen for 5 s. At the end of
the sequence the participants were asked to enter the digits or
the letters in presentation order for forward spans and operation
span, and in the reverse order for backward spans, by using the
number pad of the computer keyboard. Instead of using the full
keyboard for letters the participants used a number pad where
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each digit key had been covered with a label displaying a letter
(7 = G, 8 = H, 9 = J, 4 = L, 5 = M, 6 = Q, 1 = R, 2 = S,
and 3 = X). The letters were arranged on the number pad in
alphabetical order from top left to bottom right. It was not pos-
sible to use a mobile phone analogy as G and H, for example,
both map onto number 4. There is no reason to believe that the
adopted mapping would cause more interference for one group
than the other. It could be argued that the individual letters are
more difﬁcult to locate than the individual digits as the letters
are represented by an unfamiliar set of keys. However, theoret-
ically the beneﬁts of this set-up outweigh the drawbacks. With
oral recall, handwritten recall or recall using the entire alphabetic
keyboard, it is possible for the participants to erroneously include
letters other than the nine chosen, producing a bias compared to
the digits which are limited in a more natural way. Even if the
alphabetic keyboard were restricted by covering or removing irrel-
evant keys, the visuospatial demands would have been different
to those of the number pad. In our experiment, the set of possi-
ble letter responses was constrained to the nine letters included in
the experiment, equalizing response demands between letters and
digits and between groups. At the same time the possible effect of
keyboard skills was reduced. Further, key press response provides
the opportunity to compute exact response times for each given
answer.
The participants were asked to respond to all sequences to the
best of their ability and to include all items they could remem-
ber even if they did not remember the exact serial order. During
recall the participants’ letter and digit responses did not appear
on the screen, instead the screen remained black with only the
cue for recall visible (square brackets). This arrangement was cho-
sen to be analogous to oral recall where no visual feedback is
available.
Scoring
Span size was scored as the length of the complete sequence at
which the participant recalled at least one of the recall attempts
in correct serial order (Unsworth and Engle, 2007). The maxi-
mum possible span size was nine in the STM tests and ﬁve in
the WM test. For the WM task, the proportion correct scoring
(PCS) procedure was also applied (Unsworth and Engle, 2007).
This procedure is deemed appropriate for complex spans and rep-
resents the proportion of items that are recalled in correct serial
position (maximum score 42). For the WM task a measure of
the math process component was also obtained. The math pro-
cess component was deﬁned as the number of correct answers
(maximum 42).
Statistics
The WM task was analyzed by a t-test with language modality
as between subject factor. The design for the STM tasks was a
2 × 2 × 2 (language modality [SDS, SHN] × character [digits, let-
ters] × direction of recall [forward, backward]) design, which was
investigatedby analysis of variance (ANOVA).Thebetween subject
factor was language modality (SDS and SHN) and the within sub-
ject factors were direction of recall (forward and backward) and
character (digit and letter). Planned comparisons of shorter digit
span but similar letter span for deaf signers compared to hearing
non-signers and shorter backward than forward span in hearing
non-signers were conducted by a series of t-tests. Other simple
main effects were only analyzed if the corresponding interaction
effect was signiﬁcant at p < 0.05. Data analysis was performed
using IBM SPSS, version 21.
RESULTS
There was no signiﬁcant difference between groups on the WM
task measured by either span size, t(33) = 0.97, p = 0.34, r = 0.17,
or PCS, t(33) = 1.25, p = 0.22, r = 0.21 (Table 1). We also analyzed
the responses given during the manipulation phase of this task
and found no signiﬁcant differences between language modalities,
t(33) = 1.87, p = 0.29, r = 0.31 (SHN: M = 35.61, SD = 5.50, SDS:
M = 33.06, SD = 8.20). This ruled out the possibility of difference
in strategies between groups.
When we analyzed the STM experiment, we found that SHN
tended to perform better than SDS, F(1,34) = 3.35, p = 0.08,
partial η2 = 0.09. There was a signiﬁcant main effect of char-
acter F(1,34) = 23.81, p < 0.001, partial η2 = 0.41 (Figure 2),
demonstrating that digit span was longer than letter span. The
interaction between group and character did not reach signiﬁ-
cance, F(1,34) = 1.812, p = 0.187, partial η2 = 0.05. However,
because we predicted that digit but not letter spans would be
shorter for SDS than SHN, we investigated this and found that
whereas SHN had signiﬁcantly longer digit spans than SDS,
F(1,34) = 6.21, p = 0.02, partial η2 = 0.15, there was no dif-
ference in letter spans, F(1,34) = 0.79, p = 0.38, partial η2 = 0.02.
Surprisingly, and in contrast to previous literature, there was no
signiﬁcant main effect of recall direction, F(1,34) = 2.66, p = 0.11,
partial η2 = 0.07. The hypothesis that hearing non-signers but not
deaf signers would have shorter backward than forward spans was
tested and we found no effect of direction for either group (SDS:
F(1,17) = 0.68, p = 0.42, partial η2 = 0.04, SHN: F(1,17) = 2.68,
p = 0.12, partial η2 = 0.14). All other interactions showed
p > 0.45.
DISCUSSION
As predicted, we found no difference in performance between
groups on the operation span task, which is a digit-based WM
task. This extends previous results showing similar WM capacity
for sign and speech on a production span task with lexical material
(Boutla et al., 2004). Also as predicted, we found poorer digit but
not letter span for signers compared to speakers. This indicates that
Table 1 | Span size and proportion correct scores (PCS) for operation
span performance in experiments 1 (Swedish participants) and 2
(British participants).
Span size PCS
M SD M SD
Swedish deaf signers 3.47 1.62 0.66 0.23
hearing non-signers 3.94 1.26 0.75 0.20
British deaf signers 4.50 1.22 0.83 0.16
hearing non-signers 4.30 1.39 0.82 0.20
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FIGURE 2 | Mean forward and backward digit and letter spans (and
standard deviation) in Swedish and British deaf signers (grey bars)
and hearing non-signers (white bars).
the formational similarity of Swedish signed numerals generates
a phonological similarity effect that depresses STM performance
(Wilson and Emmorey, 1997a). However, this ﬁnding should be
interpreted with caution given the fact that the language modality
by character interaction was not statistically signiﬁcant. Despite
the fact that digit spans were reduced for SDS compared to SHN,
theywere still longer than letter spans. Longer digit than letter span
in hearing signers has been described by Wilson and Emmorey
(2006a), and may be due to the larger potential set size of let-
ters compared to digits, and the unfamiliar mapping of letters
to response keys in the experiment as well as articulation rate
differences between digits and letters.
We found no signiﬁcant effect of recall direction and no evi-
dence to support our hypothesis that shorter backward than
forward spans would only be found in the hearing group. Other
recent work has failed to ﬁnd temporal processing differences
between deaf signers and hearing non-signers (Gozzi et al., 2011).
However, this does not explain the absence of a recall direction
effect. Immediate forward recall of spoken items is character-
ized by a substantial recency effect whereby those items encoded
most recently are remembered best. The recency effect is reduced
when items are written compared to auditory (Conrad and
Hull, 1968; Beaman and Morton, 2000; Cowan et al., 2004;
Harvey and Beaman, 2007) and a similar effect has been found
for deaf signers when the comparison is made with signed stim-
uli (Shand and Klima, 1981). When the ﬁnal items in a series
are recalled ﬁrst there is no difference between visual and audi-
tory presentation, but if the ﬁnal items are recalled last, higher
performance is obtained if the presentation mode is auditory
(Beaman and Morton, 2000; Cowan et al., 2004). Hence, derived
predictions suggest better forward performance with auditory
compared to visual presentation, and no difference for backward
recall. This means that there is likely to be a smaller differ-
ence between forward and backward recall when presentation
is visual. Further, key press response suppresses recency items
more than handwritten response, leading to poorer recall, espe-
cially when presentation is visual (Penney and Blackwood, 1989).
Hence, an effect of recall direction is more likely to be found with
handwritten response. Thus, we used handwritten response in
Experiment 2.
EXPERIMENT 2
Wewanted to investigate whether our ﬁndings relating to a phono-
logical similarity effect for deaf signers in digit-based STM and no
difference in performance between DS and HN on digit-based
WM could be generalized to another cultural and linguistic set-
ting. At the same time we wanted to investigate whether changing
the response mode would give us an effect of recall direction and
further whether that effect would differ between groups. There-
fore, we repeated the experiment with equivalent groups but
in Britain, using the same visual presentation as in Experiment
1, but instead of key press response, handwritten response was
used. We hypothesized that handwritten response would result
in signiﬁcantly longer forward than backward spans in hearing
non-signers but not in deaf signers. We also predicted that we
would ﬁnd similar WM performance across language modalities
as well as shorter digit but not letter spans for deaf signers than




Twenty-four deaf adults (10 women; mean age = 38.58,
SD = 12.15) were recruited to the study. All but two BDS were
native signers having at least one deaf parent. One BDS with hear-
ing parents started to learn BSL before the age of three and the
other before the age of ﬁve.
Thirty adult hearing, native English speakers (20 women; mean
age = 34.17, SD = 12.41) were also included in the study. The
English speakers were unfamiliar with BSL. The participants in the
speaking group were recruited to match the signing group on age,
t(52) = 1.31, p = 0.20. The two groups were further matched on
non-verbal IQ (block design from Wechsler Abbreviated Scale of
Intelligence, t-scores; BDS M = 61.83 SD = 6.68, BHN M = 60.13
SD = 7.64), t(52) = 0.86, p = 0.40. All participants had completed
mandatory British education, which at the timemeant 10–12 years
for both BHN and BDS.
The study was approved by the University College London
Graduate School Ethics committee. Written informed consent was
given by all participants. The participants were compensated for
their time and travel expenses.
Experimental design
Stimuli, procedure, scoring, and statistics were the same as in
Experiment 1 with the following exceptions: testing of the deaf
participants was performed by a deaf experimenter who was a
native signer of BSL, and testing of the hearing participants was
performed by two hearing experimenters. Because of language
differences, the letters J and X were changed to F and Z for the
letter span task, in order to minimize phonological similarity in
BSL ﬁngerspelling and English letter names. Thus, the letters
used in this experiment were F, G, H, L, M, Q, R, S, and Z (see
Figure 1). Stimuli were presented visually using DMDX display
software (Forster and Forster, 2003) on a PC. At the end of each
sequence the participants were asked to use a pen to write down
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on a printed form the digits or letters in: presentation order, for
forward spans and operation span; and in the reverse order, for
backward spans. Forward span always preceded the corresponding
backward span but order of presentation of digit and letter span
tests was balanced across participants. The span tests were admin-
istered in the beginning of a test session including other cognitive
tests.
RESULTS
For theWMtask therewasno signiﬁcant difference inperformance
between groups on either span size, t(52) = 0.55, p = 0.58, r = 0.07,
or PCS, t(52) = 0.14, p = 0.89, r = 0.02, as in Experiment 1
and in line with our prediction (Table 1). Again, there was no
difference in performance between groups in the manipulation
phase, t(51) = 0.31, p = 0.76, r = 0.04 (data from one participant
missing due to technical problems).
Analysis of the STM span experiment showed no signiﬁcant
main effect of group, F(1,52) = 0.53, p = 0.47, partial η2 = 0.01.
Just as in Experiment 1, digit span was longer than letter span,
F(1,52) = 12.57, p = 0.001, partial η2 = 0.20 (see Figure 2). There
was no signiﬁcant interaction effect between groups and charac-
ter, F(1,52) = 0.288, p = 0.594, r = 0.074. However, because we
predicted shorter digit but not letter spans for deaf signers than
hearing non-signers, we investigated and found that there was no
effect of group for either digit span, F(1,52) = 0.79, p = 0.38, partial
η2 = 0.02 or letter span F(1,52) = 0.22, p= 0.64, partial η2 = 0.004.
As expected, forward spans were signiﬁcantly longer than back-
ward spans, F(1,52) = 10.64, p = 0.002, partial η2 = 0.17. Opposite
to our prediction of shorter backward than forward spans for hear-
ing non-signers but not deaf signers we found longer forward than
backward spans in BDS, F(1,23) = 8.58, p = 0.01, partial η2 = 0.27,
but not for BHN, F(1,29) = 2.02, p = 0.17, partial η2 = 0.07. None
of the other interactions approached statistical signiﬁcance (all
ps > 0.56).
DISCUSSION
The pattern of results obtained from the STM experiment differed
somewhat between Experiments 1 and 2. Results of Experiment 2
showed no signiﬁcant difference between deaf signers and hear-
ing non-signers on either the digit or letter span tasks. Further,
forward spans were longer than backward spans in Experiment 2.
This contrasts with Experiment 1 where we did not ﬁnd such an
effect. We reasoned that the lack of a directional effect in Experi-
ment 1 was driven by visual presentation and keypress response,
both of which are known to reduce the recency effect which con-
tributes to the reported performance difference between recall
of ﬁrst compared to recall of last presented items (Beaman and
Morton, 2000; Cowan et al., 2004). In Experiment 2 we used
handwritten response which inﬂuences recency less (Penney and
Blackwood, 1989). As expected, with handwritten response, per-
formance was worse for backward compared to forward recall,
however, in contrast to our prediction, only for deaf signers.
In the operation span task, which was our measure of WM, we
found no signiﬁcant differences in performance between BDS and
BHN. However, it is important to note here that the performance
of both groups approached ceiling. Thus, there is a possibility that
the operation span task was not powerful enough to detect group
differences in Experiment 2. However, in Experiment 1, there was
no evidence of a ceiling effect and no difference in performance
between deaf and hearing participants on WM. Both experiments
formed part of larger studies reported elsewhere. In Experiment
1, participants performed the span tasks towards the end of an
extensive test battery, when they were probably tired. In Exper-
iment 2, participants performed the span tasks when they were
still fresh. This may explain why performance approached ceiling
in Experiment 2 but not in Experiment 1. This explanation also
suggests that the lack of difference in WM performance between
groups inExperiment 2 is real andnot simply an artifact of a ceiling
effect.
CROSS EXPERIMENT ANALYSIS
The main aim of the cross experiment analysis was to determine
whether the similarities and differences in performance across
character and language modality in Experiments 1 and 2 would
crystalize into a more general pattern of results. A further aim was
to determine whether an interaction between response direction
and language modality would become apparent with the greater
power afforded by collapsing the data.
MATERIALS AND METHODS
The data entered into the cross experiment analysis were identi-
cal to those analyzed in Experiments 1 and 2. As deaf signer and
hearing non-signer groups with similar characteristics took part
in both experiments, we set up a design with two between-group
factors for the STM tasks. The ﬁrst factor, also analyzed in Exper-
iment 1 and 2, was language modality. The second factor, which
was new for the cross experiment analysis, was data set (response
mode). There was an age difference between data sets such that
British participants (BDS and BHN) were signiﬁcantly older than
the Swedish participants (SDS and SHN: F(1,86) = 15.2, p < 0.001,
r = 0.39). However, no age difference between deaf signers and
hearing non-signers, F(1,86) = 0.84, p = 0.36, r = 0.09, were
found. Performance on the non-verbal intelligence tests could not
be compared since Raven’s SPM (Experiment 1) does not dif-
ferentiate as well as WASI (Experiment 2) in the higher ranges.
However, all participants performed within the normal range on
the non-verbal IQ scale.
Statistics
For the cross experiment analysis of the STM tasks the ANOVA
design was 2 × 2 × 2 × 2: language modality (deaf signers, hearing
non-signers) × response mode (key press, handwritten) × char-
acter (digits, letters) × direction of recall (forward, backward).
There were two between-subject factors: modality (deaf signers
and hearing non-signers) and response mode (key press and writ-
ten) and the within-subject factors were, as in Experiments 1 and
2, direction of recall (forward and backward) and character (digit
and letter).
RESULTS
The British participants had signiﬁcantly longer STM spans
than the Swedish participants, F(1,86) = 11.74, p = 0.001,
partial η2 = 0.12. Further, there was a non-signiﬁcant tendency
towards shorter spans for deaf signers than hearing non-signers,
F(1,86) = 2.41, p = 0.12, partial η2 = 0.03. Digit span was longer
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than letter span, F(1,86) = 33.47, p < 0.001, partial η2 = 0.28.
Testing the hypothesis that deaf signers had shorter digit but not
letter spans than hearing non-signers, as in Experiment 1, we
investigated the non-signiﬁcant interaction between character and
language modality, F(1,86) = 1.69, p = 0.197, partial η2 = 0.02
and found an effect of shorter digit spans for deaf signers than
hearing non-signers, F(1,88) = 3.96, p = 0.05, partial η2 = 0.04,
but no difference in letter span length between language modal-
ities, F(1,88) = 0.98, p = 0.33, partial η2 = 0.01. Forward spans
were longer than backward spans, F(1,86) = 11.05, p = 0.001, par-
tial η2 = 0.11. Because we had predicted shorter backward than
forward spans for hearing non-signers but not deaf signers, the
non-signiﬁcant interaction between language modality and direc-
tion, F(1,86) = 0.491, p = 0.485, partial η2 = 0.01, was tested
and we found longer forward than backward spans for both deaf
signers, F(1,41) = 7.12, p = 0.01, partial η2 = 0.15, and hearing
non-signers, F(1,47) = 4.58, p = 0.04, partial η2 = 0.09.
To exclude the possibility that age drove the difference in STM
performance between the British and the Swedish groups, we re-
ran the analysis, including age as a covariate. However, the Swedish
participants still performed worse than the British participants,
F(1,85) = 15.45, p < 0.001, partial η2 = 0.15 and the effect of
character, F(1,85) = 4.01, p = 0.049, partial η2 = 0.05, and direc-
tion, F(1,85) = 6.78, p = 0.01, partial η2 = 0.07, still remained.
To exclude the possibility that the absence of between-group dif-
ferences in WM performance in Experiments 1 and 2 was due to
lack of power, we compared deaf signing and hearing non-signing
groups across experiments but still found no difference for either
span size, t(87) = 0.31, p = 0.76, r = 0.03, or PCS, t(87) = 0.83,
p = 0.41, r = 0.09.
DISCUSSION
The cross experiment analysis generated three important results.
Firstly, the lack of differences between groups on WM persisted.
Secondly, a clearer pattern crystalized concerning the effects of
character and languagemodality in STM. In particular, the pattern
of results revealed in Experiment 1 was conﬁrmed and strength-
ened. Hearingnon-signers had longer digit spans thandeaf signers,
while there was no difference in letter span length. This is in
line with our hypothesis that the formational similarity of man-
ual numerals representing digits causes a phonological similarity
effect leading to poorer STM performance. Thirdly, despite the
increase in power achieved by collapsing over data sets there
was still no difference in the effect of direction for signers and
speakers.
Further, we found that the British participants performed bet-
ter than the Swedish participants. We have already noted that
British participants performed span testing while they were still
fresh whereas Swedish participants had been subject to an exten-
sive battery of testing when they performed the tasks included in
the present study. Thus, one likely explanation of performance
difference across experiments is a fatigue effect. The participants
of the four groups included in the cross experiment analysis all
had normal non-verbal intelligence and had completed at least
mandatory education in their respective country. Further, they
were similar on language proﬁciency. The age difference did not
affect the results materially. Even though we cannot rule out that
there are differences in non-verbal intelligence and in level of edu-
cation which we have not been able to control for, that could affect
the results, we do not believe that this is the main cause of the
difference in performance between experiments. Of course there
was one important difference in the design of the two experiments,
namely response mode. Thus, although we believe a fatigue effect
may be driving the differences in performance between the two
experiments, we cannot rule out an effect of response mode.
EXPERIMENT 3
Todeterminewhether the difference in STMperformance between
the Swedish and British populations could be attributed to dif-
ference in response mode, we performed a third experiment
with normally hearing Swedish participants who performed for-
ward and backward versions of the digit and letter span tasks
with both key press and handwritten response modes in a fully
within-subjects design.
Short-term memory span size has been found to be approxi-
mately equivalent to the number of items that can be articulated
in 2 s (Baddeley et al., 1975). Speakers of languages with short
digit names, such as Chinese, show longer digit spans than speak-
ers of languages with longer digit names, such as Welsh (Ellis
and Hennelly, 1980; Elliott, 1992). To investigate if the longer
digit than letter span found in Experiment 1 and 2 could be
attributed to slower articulation rate for letters, we also determined




Sixteen adults (eight women; mean age = 32.63, SD = 5.46) with
normal hearing took part in the experiment. All participants had
at least 3 years of university education. Written informed consent
was given by all participants. No compensation was paid.
Experimental design
The stimuli from Experiment 1 were used along with an additional
set of material generated according to the principles described in
Experiment 1. Speciﬁcally the four lists of digit sequences (two
old and two new) and the four lists of letter sequences (two old
and two new) were randomized across the four different con-
ditions (forward and backward by keypress and by handwritten
response). Power calculation showed that 16 participants would
be sufﬁcient to reveal an effect equivalent to that found between
British and Swedish participants. Taking practical considerations
into account, we decided to let forward span always precede the
equivalent backward span in the same responsemode but to switch
response mode between these span pairs. Character and response
mode order were balanced. This resulted in 16 different test order
lists and participants were randomized to these lists. The par-
ticipants were also given separate lists of 200 digits and letters
and asked to say them aloud as fast as possible (based on Boutla
et al., 2004). Time was taken and rounded to the nearest whole
second.
Statistics
For the STM tasks the ANOVA design was 2 × 2 × 2:
response mode (key press, handwritten) × character (digits,
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letters) × direction of recall (forward, backward). The artic-
ulation rate measures were analyzed by a t-test and fur-
ther run together with the STM data in a correlation
analysis.
RESULTS
The results of the span tasks are shown together with correspond-
ing results fromExperiment 1 and 2 in Figure 3. As in Experiments
1 and 2, digit span was longer than letter span, F(1,15) = 6.99,
p = 0.02, partial η2 = 0.32. However, there was no difference in
direction, F(1,15) = 0.82, p = 0.381, partial η2 = 0.05, or response
mode, F(1,15) = 0.01, p = 0.93, partial η2 = 0.001 and none of
the two-way interactions approached statistical signiﬁcance (all
ps > 0.4).
The set of 200 digits were articulated signiﬁcantly more rapidly
(M = 69.63, SD = 12.85) than the set of 200 letters (M = 76.81,
SD = 9.70), t(15) = 2.71, p= 0.02, r = 0.57. However, therewere no
signiﬁcant correlations between the span scores and articulation
rate (all ps > 0.28). Thus, the better performance in digit span
than letter span cannot be explained by a slower articulation rate
for letters than digits.
To test if the lack of a directional effect in Experiment 1 and
3 is due to lack of power we collapsed the data from all hear-
ing participants in Experiment 1 and 3, but were still not able
to ﬁnd an effect of direction, F(1,33) = 1.92, p = 0.18, partial
η2 = 0.06.
Finally, we investigated if there were differences between
keyboard response in Experiment 3 and SHN from Experiment
1 and between written response in Experiment 3 and BHN
from Experiment 2. We found that the non-signers in Exper-
iment 3 had a signiﬁcantly better overall performance than
non-signers in Experiment 1, F(1,32) = 14.02, p = 0.001, partial
η2 = 0.31, whereas there were no difference between the non-
signers in Experiment 2 and 3, F(1,44) = 0.88, p = 0.35, partial
η2 = 0.02.
FIGURE 3 | Mean forward and backward digit and letter span for all
hearing non-signers from Experiment 1 to 3 divided by response mode
and cultural setting.
DISCUSSION
The results of Experiment 3 demonstrated that the difference in
STM span performance between the Swedish and British par-
ticipants observed in the cross experiment analysis cannot be
attributed to the use of different response modes. Because the
participants enrolled in Experiment 3 performed on par with
the non-signers in Experiment 2 and signiﬁcantly better than
the non-signers in Experiment 1 the signiﬁcant difference in per-
formance between the Swedish and British participants found in
the cross experiment analysis is probably due to differences in
the overall design of the studies in which the individual experi-
ments were included and lack of participant matching between
experiments. In particular, the educational background of the
participants differed between Experiments 1 and 3. Whereas all
participants in Experiment 3 had at least 3 years of university
education, only one-third of the participants in each of the two
groups in Experiment 1 had a university degree. Level of edu-
cation is positively correlated with cognition (e.g., Kuncel et al.,
2004; St Clair-Thompson and Gathercole, 2006), and thus it is
plausible that better STM performance in Experiment 3 com-
pared to Experiment 1 was due to differences in level of education
(Unsworth and Engle, 2007).
The lack of directional effect mirrors the results of Experiments
1 and 2 for non-signing participants. As we have already noted, the
visual presentation used in the present study is likely to reduce the
effect of recall direction. Interestingly, several participants com-
mented after completing the testing that they were surprised to
ﬁnd backward recall easier than forward recall.
We found faster articulation rates for digits than letters but we
found no association between articulation rate and span size for
either digits nor letters. Thus, although we cannot exclude the
possibility that articulation rate explains some of the between-
group differences in STM performance, the evidence suggests that
it does not constitute a key underlying mechanism. This contrasts
to other studies where such a correlation has been described for
both digit and letter span in hearing individuals (Hall and Bavelier,
2010).
GENERAL DISCUSSION
In the present study, we investigated WM and STM using a novel
approach based on keeping stimulus presentation and response
modes constant across groups, while assuming similar recod-
ing demands in relation to memory encoding and recall across
groups. For the ﬁrst time, we investigated WM performance
between well-matched groups of deaf signers and hearing non-
signers on a digit-based operation span task and were unable
to identify differences in performance. In line with the litera-
ture, we also showed poorer STM performance for deaf signers
compared to hearing non-signers on a digit span task. This
suggests that deaf signers and hearing non-signers have equiv-
alent digit-based WM despite poorer STM performance for
deaf signers compared to hearing non-signers on a digit span
task. These ﬁndings conﬁrm and extend previous work demon-
strating similar WM performance for deaf signers and hearing
non-signers on a production span task involving storage and
processing of lexical items (Boutla et al., 2004). This suggests
that the WM processing capacity of deaf signers can outweigh
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any STM storage decrement, even when WM processing involves
digits.
In the present study we used operation span as a measure of
WM and found no differences between deaf signers and hearing
non-signers. This well-established test loads strongly on over-
all WM capacity (Unsworth and Engle, 2005, 2007). It also has
the advantage of being digit-based, thus making it comparable
with the digit span test of STM and avoiding the use of speech-
based lexical items which are known to make different cognitive
processing demands on deaf signers and hearing non-signers.
The mechanisms behind similar WM but different STM for deaf
signers and hearing non-signers on digit-based tasks need to be
investigated experimentally and it may turn out that the storage
component is more heavily taxed for deaf signers in both tasks.
However, one explanation may be a different or more efﬁcient
allocation of resources between the storage and processing com-
ponents of WM for deaf signers than hearing non-signers, which
would compensate for poorer STM storage for digits. Such an
effect may be related to the ability of signers to generate proposi-
tions at the same rate as speakers with economical use of lexical
items (Bellugi and Fischer, 1972). One of the main functions
of WM is the comprehension and generation of propositions
(Baddeley, 2003).
For the ﬁrst time we present results from a cross cultural
analysis of STM in deaf signers and hearing non-signers. There
was a difference in performance between Experiments 1 and 2
with British participants showing consistently better STM per-
formance than Swedish participants. Experiment 3 showed that
better performance by British than Swedish participants could
not be explained by the difference in response mode between
Experiments 1 and 2. Instead, we suggest that the reason for
the difference between experiments is twofold: Firstly, it may
stem from potential differences in participant characteristics
between experiments. Although these were rigorously controlled
within experiments, the same was not possible between exper-
iments. In particular, we suggest that potential differences in
level of education between experiments may have driven the
differences in STM. Secondly, as already suggested participants
in Experiment 1 may have been more fatigued than partici-
pants in Experiment 2 and 3 when they performed the span
tasks.
Experiment 1 provided some evidence of STM performance
differences relating to language modality (sign and speech) and
character (digit and letter) in support of our hypothesis. In Exper-
iment 1 and in the cross experiment analysis, we found evidence
of shorter digit but not letter spans for sign than speech for
the ﬁrst time in one and the same analysis. Shorter digit span
for deaf signers compared to hearing non-signers was shown
previously by Bavelier et al. (2008) and no difference between
deaf signers and hearing non-signers on letter span was shown
by Wilson and Emmorey (2006a). The results of the present
study are in line with our hypothesis, based on Wilson and
Emmorey (1997a, 2006b), that the formational similarity of man-
ual numerals representing digits, compared to the phonological
distinctiveness of spoken digits, would generate a phonological
similarity effect leading to poorer STM performance for sign-
ers than speakers, whereas no such effect would be apparent for
letters chosen explicitly to minimize the formational similarity of
their sign names and the phonological similarity of their spoken
names.
There was no evidence of shorter letter spans forDS thanHNas
would have been predicted by the ﬁndings of Bavelier et al. (2008).
At least three factors differentiate the present study from the study
by Bavelier et al. (2008) where group differences were found for
both digit and letter span. The ﬁrst is that the present study used
a within-group comparison of digit and letter span, guarding
against sampling differences leading to a more stringent com-
parison between the two span types. The second is that groups
in the present study were matched on non-verbal intelligence,
whereas any cognitive differences between the groups may have
confounded the observed effects in Bavelier et al. (2008). The
third and presumably the most important difference, relates
to presentation mode, where the present study makes con-
sistent use of text-based visual presentation, whereas Bavelier
et al. (2008) used auditory presentation for hearing non-signers
and signed presentation for deaf signers. For both deaf signers
and hearing non-signers text-based visual presentation prob-
ably requires phonological recoding. However, because visual
presentation removes the opportunity for the hearing individu-
als to take advantage of longer lasting auditory memory traces
(Cowan, 2000), it is expected that the performance of the hear-
ing individuals decreases more than that of the deaf individuals
in the visual presentation mode. Therefore, we suggest that
the visual presentation employed in the present study makes
group comparisons more equal and that the remaining differ-
ence between groups on the digit span task reﬂects the “true”
difference between groups and that this difference is related
to differences in the phonological similarity of recoded dig-
its between the two language modalities of sign and speech.
However, because the language modality by character interac-
tions were not statistically signiﬁcant, possibly due to insuf-
ﬁcient power, simple main effects should be interpreted with
caution.
The lack of digit span difference between deaf signers and
hearing non-signers in Experiment 2 was unexpected but might
indicate an element of speech phonology in the STM represen-
tation of printed digits by BDS (Hanson, 1982). All but one of
the SDS had been educated mainly in SSL in accordance with
the 1983 Swedish National school curriculum (Svartholm, 2010).
No comparable national curriculum exists in Britain and indi-
vidual schools have varying communication policies. Thus, the
BDS group was less likely to have had a strong emphasis on sign
language during their education and might be expected to use
speech phonology in representation of printed digits and letters
to a greater extent than SDS and might therefore not be affected
to the same extent by the phonological similarity of the manual
numerals.
We predicted that if temporal processing differences
between signed and spoken languages inﬂuence STM, hearing
non-signers – but not deaf signers – would perform worse on
backward than forward recall. We did not ﬁnd any evidence sup-
porting this in eitherExperiment 1or 2or in the cross experimental
analysis. This is in line with Gozzi et al. (2011) who found no
support for serial order being a detrimental factor for the STM
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discrepancy between signers and speakers. Some of the work on
which we based our hypothesis studied STM in children (e.g.,
O’Connor and Hermelin, 1973; Wilson et al., 1997). Deﬁcits in the
allocation of attention in time sometimes found in deaf children
largely resolve by adulthood (Dye and Bavelier, 2010). Thus, it is
possible that lower STM in deaf children is partially explained by
deﬁcits in temporal processing not found in deaf adults. How-
ever, other recent studies have shown differences in temporal
order processing in adult signers and speakers in STM using free
recall (Bavelier et al., 2008) and WM using temporal versus spa-
tial modes of presentation (Rudner et al., 2010). The temporal
processing manipulation in the present study involved direction
of recall. Both forward and backward recall require maintenance
of temporal order while processing differs between directions.
In line with Bavelier et al. (2008), we conclude that the rela-
tive difference in temporal processing demands between forward
and backward serial recall does not differ between the language
modalities of sign and speech in adult deaf signers and hearing
non-signers.
CONCLUSION
For the ﬁrst time we have shown similar digit-based WM perfor-
mance for deaf signers and hearing non-signers in both Swedish
and British populations. This extends previous ﬁndings of similar
lexically based WM for signers and non-signers. Importantly, this
shows that deaf signers and hearing non-signers can have equiv-
alent digit-based WM despite poorer digit-based STM. Further,
we have shown that poor digit span performance for deaf signers
compared to hearing non-signers is probably due to the greater
phonological similarity for deaf signers, since no between-group
differences were found for letter span. We found no differences
between deaf signers and hearing non-signers in the relative
effect of recall direction, suggesting that these particular tem-
poral processing demands do not play out differently in STM
for these two groups when stimuli are printed. Nonetheless,
because simple span tests seem to be confounded by phono-
logical similarity, we suggest that WM tasks, either verbal or
digit-based, may provide a better test of cognitive function in deaf
individuals.
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